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Abstract: We present an experimental demonstration of polarization-independent 
performance in a forward and backward-pumped 2nd-order ultralong cavity Raman laser 
amplifiers with highly polarized pumps. Our findings show that the depolarization of the 
Stokes component due to gain saturation leads to polarization-insensitive performance in 
terms of output gain and relative intensity noise in the signal. These results pave the way for 
the use of individual highly polarized low-RIN semiconductor laser diodes in Raman-
amplified optical communications. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
1. Introduction 
Polarization dependent gain (PDG) [1,2] in Raman amplifiers is a potential source of 
amplitude noise in optical fiber communications that is generally considered to impose the 
need for depolarized pump lasers. Under this paradigm, system designers typically rely on 
two different kinds of pump lasers depending on the specific on-off gain requirements of the 
system: intense pumping such as the one required for distributed amplification [3] is provided 
by inherently noisy but depolarized fiber lasers, whereas lower-powered orthogonally 
polarized pairs of low-noise semiconductor lasers can be combined to produce circularly 
polarized pumps for discrete amplification purposes [4,5]. Thus, system designers face a less-
than-ideal scenario when dealing with Raman-amplified systems requiring moderate to high 
gains. The use of higher power fiber laser pumps implies signal degradation due to relative 
intensity noise (RIN) transfer from high-RIN fiber laser pumps [6,7], but pumping with low-
noise semiconductor laser pumps while avoiding RIN generation due to PDG [2] requires the 
use of polarization beam combiners [8,9] doubling the number of lasers and reducing 
pumping efficiency due to combiner losses. 
The RIN transfer function cut-off frequency strongly depends on the selected pumping 
scheme [6], and specifically, the transfer of high-frequency RIN components can be reduced 
by using backward (BW) pumping, due to the shorter interaction length between pump and 
signal. For this reason, counter-propagating pumping is more commonly used in practice, thus 
frustrating the benefit associated with improved amplified spontaneous emission (ASE) noise 
performance thanks to the presence of forward (FW) pumping [10,11]. A potential optimal 
performance balance can be found, in some situations, by combining both kinds of pumping 
schemes, with semiconductor lasers providing pumping in the FW direction. 
Other solutions have been recently investigated to mitigate RIN-related impairments 
connected to the use of fiber laser sources in FW configuration. For instance, random 
distributed feedback laser amplifiers [12,13] and the use of broadband pumps [14] have 
proven useful for extending the communication distance in long-haul transmission systems. 
Nevertheless, such interesting results have been achieved at the expense of a strong 
degradation of efficiency and higher architecture complexity, which translates into increased 
cost. 
Here, we demonstrate for the first time that secondary pump depolarization due to gain 
saturation [15,16] is an inherent characteristic of second-order ultralong cavity Raman fiber 
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laser (URFL) amplifiers [17], which allows the use of highly polarized primary pumps with 
no negative impact on the PDG, gain efficiency or RIN transfer. We study both FW and BW 
pumping configurations, demonstrating that the use of the URFL architecture effectively 
removes the need for orthogonally polarized sources and polarization beam combiners to 
achieve circular polarization. 
2. Experimental setup 
The system is set up according to the typical scheme of a cavity URFL shown in Fig. 1. The 
fully closed cavity is composed of a high-reflectivity fiber Bragg grating (FBG) with 0.5 nm 
bandwidth centered at 1455 nm at both sides of an optical fiber. 50 km of standard single 
mode fiber (SMF) or 2 km of dispersion compensating fiber (DCF) are alternatively used as 
the gain medium inside the cavity for comparison, but also to investigate the potential use of 
this configuration in discrete Raman amplification. Two 3x1 wavelength division 
multiplexers (WDMs) are used to couple the 1366 nm primary pump and the 1550 nm 
continuous wave signal into the cavity, as well as to monitor the 1455 nm Stokes component 
generated inside the cavity by the primary pump. The main fiber parameters are presented in 
Table 1. 
Table 1. Main fiber parameters. 
 Length Loss @ 1366 nm 
Loss @ 
1455 nm 
Loss @ 1550 
nm PMD 
Raman Gain @ 
1455 nm 
Dispersion @ 
1550 nm 
SMF 50 0.32 0.28 0.19 0.045 0.5 18 
DCF 2 1.02 0.66 0.48 < 0.04 1.94 −172 
Unit km dB/km dB/km dB/km ps/km1/2 1/(W·km) ps/(nm·km) 
The primary pump is a high power depolarized fiber laser with 8 W maximum output 
power and −120 dBc/Hz nominal RIN level. As the pump RIN changes with the laser current 
[18], the pump output is connected to a variable optical attenuator (VOA) that allows to vary 
the pump power while keeping a constant output RIN. The depolarized pump is then linearly 
re-polarized through a calcite crystal polarizer and sent either to the input or the output 
WDM, to act as FW or BW pump respectively. Pump degree of polarization (DOP) is in 
excess of 98% and any state of polarization (SOP) can be achieved by way of polarization 
controllers (PCs) on both the signal and the pump optical paths. Pump attenuation is of the 
order of 6 dB when the polarizing stage is included, which limits the maximum achievable 
pump power at the cavity input to about 32 dBm. 
 
Fig. 1. Schematic diagram of the second-order URFL with polarized pump. 
After band-pass optical filtering, the polarization properties of the output amplified signal 
and the generated 1455 nm secondary pump are observed through a Thorlabs PAX1000IR2 
polarimeter, and the output signal RIN measured through a low noise photodetector with 125 
MHz bandwidth and an electrical spectrum analyzer. The collected RIN traces are then 
integrated over the [9 kHz, 1 MHz] RF frequency bandwidth to extrapolate the overall signal 
RIN level. Each measurement was performed individually and independently from the others. 
3. Secondary pump depolarization 
Closed-cavity ultralong Raman fiber laser amplifiers operate in saturation, with the 
bidirectionally propagating Stokes components (secondary pumps) lasing at their steady-state 
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power level and providing distributed gain to a signal in the C transmission window [2,17]. 
From Raman polarization attraction theory [15] and experimental observation in first-order 
Raman polarizers [16], it is possible to infer that operation in the gain saturation regime with 
high enough gain could offer some degree of depolarization of the Stokes components in 
ultralong cavity configurations. 
In order to confirm this prediction, we measured the evolution of the 1455 secondary 
pump inside the cavity for different values of the primary pump power. Results are 
summarized in Fig. 2(a), where a strong reduction of the secondary pump DOP is observed as 
primary pump power is increased, eventually leading to complete depolarization in the case of 
a DCF cavity and strong depolarization in the case of an SMF cavity. Full depolarization 
cannot be observed in the case of the SMF cavity, as available pump power limits maximum 
Stokes gain. 
Please note that the presence of a plateau in the depolarization figure reflects the presence 
of an equivalent plateau in the evolution of the gain caused by the broadening of the 
secondary pump and the increase of losses at the grating reflector [19]. This broadening takes 
place at higher pump powers in the case of the SMF, due to the higher nonlinear coefficient of 
DCF. 
 
Fig. 2. (a) Secondary pump DOP vs. primary pump power for 50 km DCF (black - FW lasing, 
red - BW lasing) and SMF (green - FW lasing, blue - BW lasing) URFL cavities. (b) 
Secondary pump power spectra for different primary pump powers (solid - FW lasing, dashed - 
BW lasing). 
4. Impact on signal amplification 
A complete experimental study of the performance of forward and backward pumped 
configurations has been carried out for both a 50 km SMF span cell and a 2 km dispersion 
compensating fiber module (for discrete Raman amplification), comparing the gain and the 
RIN integrated over 1 MHz obtained with both polarized and depolarized pumps at the 
achievable pump power levels. In the case of the polarized pump, polarization control was 
adjusted in order to find the worst performance. 
 
Fig. 3. Output signal DOP vs. signal On-Off gain, for a depolarized (a) and polarized (b) 
signal, using forward (solid) and backward (dashed) fully polarized 2nd order pumping in SMF 
(blue, stars) and DCF (green, diamonds) fiber cavities. 
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Contrary to expectations based on the behavior of 1st-order amplification schemes, the 2nd 
order amplification scheme based on URFL is extremely robust with respect to the degree and 
state of polarization of the pump, both in the forward and backward pumping cases. Indeed, 
no detectable variation in performance was observed with regards to the input SOP of the 
polarized pump. This resilience to pump polarization variations can only be explained by the 
nearly complete depolarization of the intermediate 1455 nm Stokes component. 
Regardless of the propagation direction, the DOP of the Stokes component at 1455 nm is 
below 20% at all considered gain levels when the DCF is used, whereas it is slightly higher in 
the SMF-based cavity, starting at 60% for 5 dB on-off gain and gradually reducing for higher 
on-off gains. Figure 3 shows the amplified signal DOP as a function of the on-off gain at the 
amplifier output, measured in forward and backward directions for both the fiber cavities 
under test, when the primary pump is fully polarized. A completely depolarized signal is only 
partially re-polarized through the polarization attraction phenomenon [20,21], whose 
efficiency is higher with FW pumping (see Fig. 3(a)). In contrast, the DOP of an initially 
polarized signal (see Fig. 3(b)) decreases with on-off gain due to the reduced DOP of the 
secondary pump. Similarly to the depolarized signal case, the effect of the pump on the 
polarization properties of the signal is stronger when pump and signal co-propagate along the 
cavity, whereas the signal DOP is only marginally affected by the backward propagating 
pump for on-off gain up to 20 dB. 
 
Fig. 4. Required pump power vs. signal On-Off gain, for a depolarized signal, using forward 
(a) and backward (b) 2nd order pumping in SMF (black, squares) and DCF (red, circles) fiber 
cavities. Continuous lines correspond to highly polarized pumps, whereas dashed lines 
correspond to fully depolarized ones. 
 
Fig. 5. Signal RIN vs. signal On-Off gain, for a depolarized signal, using forward (a) and 
backward (b) second-order pumping in SMF (black, squares) and DCF (red, circles) fiber 
cavities. Continuous lines correspond to highly polarized pumps, whereas dashed lines 
correspond to fully depolarized ones. 
The amplifier behavior is exemplified in Figs. 4 and 5, which focus on the forward and 
backward pumped configurations respectively, with a fully depolarized 1550 nm input signal. 
In terms of gain, no appreciable difference can be observed between the performance of the 
fully polarized and the fully depolarized pumps neither in the SMF nor the DCF-based 
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schemes. Regarding RIN, performances are again similar for the polarized and depolarized 
pumps, with a slight improvement in the measured integrated RIN when amplifying with a 
highly polarized pump in SMF fiber, and the opposite in the case of the discrete DCF-based 
amplifier. 
We then studied the system using a fully polarized signal. Choosing a random pump SOP, 
performance is very similar to that attainable with a depolarized signal, but this time some 
benefits can be obtained by tuning the pump SOP, as shown in Fig. 6, where a slight 
improvement in the gain performance can be appreciated for a specific value of the pump 
SOP. Regarding output signal RIN (see Fig. 7), performance is again very similar for the 
polarized and depolarized pumps, except for the backward pumped 50 km SMF cavity, where 
at high gains an appropriate choice of the pump SOP can provide a performance improvement 
of up to 6 dB. Please note that pump depletion is higher in the 50 km SMF case, as fiber loss 
in the 1365 nm pump leads to an important unbalance between the FW and BW cavity-
generated 1455 nm Stokes components. The increased depletion at higher gains leads to a 
saturation (for FW pumping) or even a decrease (for BW pumping) of RIN transfer, as first 
described in [22]. This is not noticeable in the 2 km DCF, where 1365 nm pump attenuation is 
very small across the cavity and the 1455 nm components are better balanced. 
 
Fig. 6. Required pump power vs. signal On-Off gain, for a polarized signal, using forward (a) 
and backward (b) second-order pumping in SMF (black, squares) and DCF (red, circles) fiber 
cavities. Continuous lines correspond to highly polarized pumps, whereas dashed lines 
correspond to fully depolarized ones. 
 
Fig. 7. Signal RIN vs. signal On-Off gain, for a polarized signal, using forward (a) and 
backward (b) second-order pumping in SMF (black, squares) and DCF (red, circles) fiber 
cavities. Continuous lines correspond to highly polarized pumps, whereas dashed lines 
correspond to fully depolarized ones. 
In order to rule out potentially misleading results due to limited statistics, additional 
measurements were carried out for a different SMF fiber with even lower PMD, resulting in 
more efficient signal depolarization/repolarization [16], but similar results for integrated RIN 
transfer and pumping efficiency. 
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5. Conclusions 
We have experimentally demonstrated that 2nd order ultralong cavity Raman fiber amplifiers 
pumped in the forward or backward direction are unaffected by polarization-dependent gain, 
both in terms of RIN generation and overall signal gain performance. This effect can be 
explained by the spontaneous depolarization of the laser-generated 1455 nm component at 
high gains due to gain saturation. Moreover, the use of highly polarized pumps in URFLs has 
been shown to offer slightly improved gain and RIN performance in some situations for long 
SMF cavities. Our results show that URFLs could be used in long-haul transmission in 
combination with highly polarized low-RIN semiconductor laser diodes without the need for 
polarization beam combining. 
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